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Abstract 
In India, the 2001 Bhuj earthquake has given a serious warning to many existing reinforced concrete (RC) buildings. However, a 
considerable portion of the building stock of India is reinforced concrete buildings which are generally designed mainly for 
gravity loads only. Therefore, potential seismic evaluation of these buildings, especially in high seismic region, is very essential 
in order to implement any kind of seismic hazard mitigation strategy. Hence, the present study aims to evaluate the seismic 
vulnerability of low rise RC frame building which is designed for gravity load according to the Indian code. The non-linear static 
analysis is performed using SAP2000 (v16) to find the capacity curve of the building. Fragility analysis is used to develop the 
fragility curve for different damage grade based on HAZUS methodology. Damage probability matrices (DPM) are formed for 
two different seismic hazard levels i.e. for maximum considered earthquake and design basis earthquake depending on the 
performance point to compare the damage state for each hazard level. The result shows that the damage of considered building is 
vary from moderate to severe damage state to the corresponding different seismic hazard level. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
The north-east India has already experienced large damaging earthquakes in past such as the 1897 Shillong 
earthquake (Mw 8.1); the 1918 Srimangal earthquake (Ms 7.6); the 1947 Arunachal earthquake (M 7.5); the 1950 
Assam earthquake (Mw 8.7) etc. and the chance of occurrence of such earthquake in future is very high. Recent 
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earthquakes, particularly the 2001 Bhuj earthquake and the 2011 Sikkim earthquake have exposed the seismic 
vulnerability of RC frame buildings. However, a wide range of portion of the building stock of this region is 
generally low rise (1-3 storied) reinforced concrete building which are designed mainly for gravity loads and some 
are designed without consulting the design engineer as it is a common practice in many parts of India. So, the 
performance of those buildings is quite doubtful and buildings are very vulnerable to earthquake. Hence, special 
attention has to be given at first to those buildings to execute any kind of seismic hazard mitigation strategy. 
The aim of the vulnerability evaluation is to find the deficiencies in structure before an taking appropriate 
measures to upgrade the system. Several methodologies have been developed to estimate the vulnerability of 
existing buildings and also to damage evaluation of structures, and time by time these methodologies have been 
improved. The use of damage probability matrices for the probabilistic prediction of damage to buildings from 
earthquakes was first developed in 1974 [16]. Collective efforts have also been made to arrive at simple yet 
rationalized nonlinear static procedures for regular use in formulation of fragility curve and damage probability 
matrices [9,2] etc. 
Here, seismic performance and damage evaluation of a low rise (3 storied) RC building, designed under gravity 
load as per Indian code IS 456 2000 [3] is considered and non linear static analysis [1] is carried out using available 
computer program SAP2000 (V16). Fragility analysis is than done using HAZUS®-MH MR5 [10] methodology. 
The main objective of this present study is to find the damage state of gravity load designed 3 storied RC framed 
building by developing the capacity curve, fragility curve and damage probability matrices (DPM). Two different 
seismic hazard levels i.e. maximum considered earthquake (MCE) and design basis earthquake (DBE) of Indian 
seismic zone V having PGA 0.36g are considered here.  
2.  Capacity spectrum based method  
The capacity spectrum method [1] has been used to evaluate the performances of the RC building through non 
linear static analysis when subjected to earthquake scenario. The pushover analysis is a non linear static incremental 
procedure which is able to describe the structural behavior when subjected to earthquake load. Here, 5% damped 
elastic response spectrum in ADRS format is used to model the earthquake ground motion. The capacity curve is the 
graphical representation of the relation between the base shear and the displacement at the roof of the structure and 
is mainly depend on the structural design and the construction practice.  
For performance evaluation of structure using pushover analysis, selection of load pattern is vital which represent 
the distribution of inertia forces imposed on the structure during an earthquake. The vertical distribution of seismic 
forces as given in FEMA 356[11] is considered in this study. The lateral load Fx applied at any floor level x shall be 
determined in accordance with equation given below: 
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where  Fx is the lateral load applied at any floor x in kN ; Wx is the portion of total building weight assigned to floor 
level X kN ; hx  is height of floor level x from the base in m ; Vis the design base shear kN ; K is the time period (T) 
dependent factor (K = 2.0 for T ≥ 2.5 seconds ; K  =1.0 for T ≤ 0.5 seconds ; K = (T+1.5)/2 for 2.5 ≤  T ≤ 0.5 
seconds). 
3. Fragility analysis 
A number of approaches are available for fragility analysis ranging from those based on the empirical damage 
data from the past earthquakes to which are based on purely analytical methods in Calvi et al. [7]. In fragility 
analysis, the relationship between ground motion severity (peak ground acceleration or spectral displacement) and 
structural damage are expressed in terms of probabilistic form. It represents either in graphical form such as fragility 
curves or in tabular form such as damage probability matrices. 
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Fragility curve follows the form of lognormal cumulative distribution function with median value and a 
logarithmic standard deviation or dispersion of spectral displacement corresponding to a particular damage state as 
ATC 58 [17]. It describes the probability that a structure will reach or exceed one particular damage state as a 
function of seismic ground motion (spectral acceleration, spectral velocity and spectral displacement). In this present 
study spectral displacement is considered. Here, HAZUS methodology of HAZUS®-MH MR5 [10] are used for the 
RC building which was originally developed by USA for seismic risk and loss assessment but now it has been 
extensively used throughout the world. According to HAZUS methodology, it is given as follows: 
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where Sd is spectral displacement, S̅d,ds is the median value of spectral displacement at which the building reaches 
the damage state threshold, ds ; Eds is the standard deviation of the natural logarithm of spectral displacement for 
damage state, ds ; φ is the standard normal cumulative distribution function. 
The dispersion of fragility curve for a given damage state primarily depends on the lognormal variability 
associated with the discrete threshold of each damage grade ET,ds, the lognormal variability associated with the 
capacity curve EC and the lognormal variability associated with the demand spectrum ED. Since the demand 
spectrum for equivalent damping is dependent on building ductility capacity, a convolution process is required to 
find out the total variability Eds as follows 
                                         
> @   2 2ds c D T .dsCONV ,E E E E                                                                (3) 
To develop the fragility curve, estimation of variability is a complex numerical procedure requiring a wide range 
of statistical data. HAZUS [10] has presented variability for fragility estimation of low, mid, high rise RC buildings, 
where the total variability in structural damage is considered to be contributed by the two sources as described above 
in equation (2) and is obtained by combining the two variability’s using a complex convolution process. The 
CONV[EC, ED] or convolution process involves a complex numerical calculation that would very difficult to perform 
as the demand and capacity is correlated. This difficulty is avoided by using the pre-calculated values of damage-
state beta values as presented in Table (1) which is taken from HAZUS considering moderate condition. 
Considering moderate conditions, the values corresponding to EC=0.3 and ET,ds=0.4 for Eds in case of low rise 
buildings. 
Table 1. Variability parameters considered for RC buildings (as HAZUS®-MH MR5, 2003). 
 
     For developing the fragility functions the definition of considered damage states is very much important.  In 
Intensity Scales, these damage states are defined in descriptive terms, but for fragility analysis, they need to be 
defined in terms of engineering parameters. In this study, four damage states are considered as guided by HAZUS®-
MH MR5 [10] which are based on performances of structures to define the damage state thresholds. Barbat et al. [2] 
have proposed damage state thresholds based on yield and ultimate spectral displacement of the buildings which is 
shown in Table (2). The yield spectral displacement (Sdy) and ultimate spectral displacement (Sdu) are obtained 
analytically from the bi-linearization of capacity curve. 
 
 
Building class 
Post – Yield Degradation of Structural System 
Structural Systems with Moderate Capacity Curve Variability βc=0.3 
Minor Degradation ( κ  ≥ 0.9) Major Degradation ( κ = 0.5) Extreme Degradation (κ ≤ 0.1) 
Damage Variability (βTds) 
Moderate(0.4) 
Damage  Variability (βTds) 
Moderate(0.4) 
Damage  Variability (βTds) 
Moderate(0.4) 
Low rise (1-3)                      0.80 0.95 1.05 
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    A mean damage index or weighted average damage index, DSm is close to the most likely damage state of the 
structure and can be calculated as  
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(4) 
where  dsi takes the values 1, 2, 3 and 4 for the damage states i considered in the analysis and P[dsi] are the 
corresponding occurrence probabilities. Table (3) shows the most probable damage grade as a function of the mean 
damage index. 
Table 2. Damage state thresholds (after Barbet et al.[2]). 
Damage grade Damage state                             Damage state thresholds 
DG1 
DG2 
DG3 
DG4 
Slight                                     
Moderate 
Severe                                    
Complete 
  S̅d1 = 0.7 Sdy 
  S̅d2 =  Sdy 
  S̅d3 =  Sdy + 0.25(Sdu -Sdy) 
    S̅d4 =  Sdu 
 
Table 3. Damage states and mean damage index values (after Barbet et al.[2]). 
Mean damage index intervals More probable damage state 
0-0.5 
0.5-1.5 
1.5-2.5 
2.5-3.5 
3.5-4.0 
  No damage 
  Slight damage 
  Moderate damage 
  Severe damage 
  Complete damage 
 
4. Details of rc building and seismic hazard  
 In this present study, a three dimensional regular three storey reinforced concrete bare frame residential building 
is considered. This building is designed as per Indian Standard IS 456 2000 [3] for gravity load. Here, low rise three 
storey RC building is considered because in north eastern region of India type of building is very common. The 
building has symmetrical plan in both two directions and number of bays considered in each direction is four. The 
storey height of building has been considered as 3m having a floor area of 16m ×16m. M25 grade concrete, Fe 415 
grade for longitudinal steel and Fe 250 grade for transverse steel are considered for the design of building. The plan 
view and front view of three storey RC building is given by Fig. 1. Table (4) shows, the section dimensions and 
reinforcement details of beam and column for RC building considered in this study. 
The minimum and maximum reinforcement criterion of Indian Standard IS 456 2000 [3] has also been applied 
for beam and column. The thickness of infill wall is considered 0.250m for exterior and 0.125m for interior 
partitions. Only the load of the infill is considered which is uniformly distributed along the length of beams. The 
slab thickness has been assumed as 0.125m at different storey level. The dead loads confirming IS 875 Part-1, 1987a 
[4] and imposed loads confirming IS 875 Part 2, 1987b [5] of the RC buildings are taken.  
To study the seismic performance of low rise RC building, two hazard levels as design basis earthquake (DBE) 
and maximum considered earthquake (MCE) considered which shown in Fig. 2. 
 
 
 
1377 Lipika Halder and Santanu Paul /  Procedia Engineering  144 ( 2016 )  1373 – 1380 
                          
                                                 (a)                                                                                         (b)  
                                                    Fig. 1. (a) Plan view; (b) Front view of low rise RC building. 
                        
(a) (b)    
                              Fig. 2.  Smoothed acceleration response spectrum for 5% damping (a) DBE; (b) MCE hazard level.           
Table  4. Section dimension and reinforcement details of  RC building. 
Storey level Columns   Beams   
Size (mm) Exterior reinf Interior reinf Size(mm) Top reinf Bottom reinf 
     3-2 
      1 
300×300 
300×300 
4#16 
4#20 
4#16 
4#20 
250×300 
250×300 
3#16 
3#16 
2#16 
2#16 
 
5. Modeling approaches  
    In this present study beam and column elements are modeled as nonlinear frame elements with lumped plasticity 
by defining plastic hinges to take the material nonlinearity into account. For RC frame buildings subjected to lateral 
loads such as seismic action, flexural deformations occur near the element extremities and hence flexural hinges are 
assigned to the member ends while modeling. Coupled P-M2-M3 hinge that considers the interaction of axial force 
and bending moments are used for columns and uncoupled moment or flexural M3 hinges are used for beams. 
Properties of flexure hinges generate the actual response of reinforced concrete components subjected to lateral load. 
The hinge properties according to FEMA-356 [11] are section dependent and are used in this study. 
6. Results and discussions 
 Pushover curve is plotted as a ratio of base shear/ weight vs. roof displacement/ height. The pushover curve 
which shows the total base shear (in terms of building weight) as a function of roof drift is shown by Fig. 3a along 
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with its bilinear representation. Its component capacity curve in ADRS format is shown in Fig. 3b. The performance 
point is the crossing point of capacity curve and demand curve. This is important when evaluating damage by using 
fragility curves because it greatly influences the damage probability matrices as shown in Fig. 3c. This curve is 
useful in ascertaining whether and how a structure is capable of sustaining certain level of seismic load and its 
behavior in the non linear or inelastic range. Fig. 3a depicts the pushover curve for the lateral load pattern with the 
bi-linearization as per FEMA 356 [11]. From pushover curve, yield displacement and ultimate displacement 
defining the bilinear spectra for the modeled RC building are found out. The yield point represents the strength level 
beyond which the response of the building is strongly non linear. The ultimate point is related to the maximum 
strength of the building when the global structural system reached a full plastic mechanism. The yield and ultimate 
displacement with its spectral form are given in Table (5). For this building, it behaves in linear range up to 0.041m 
and beyond this the nonlinearity starts and goes up to 0.236 m. 
Table 5. Yield and ultimate spectral displacement for RC building. 
Building class 
Low rise 
Yield 
Displacement(m) 
Ultimate 
Displacement (m) 
Yield Spectral 
   Displacement ( Sdy)(m) 
Ultimate Spectral 
Displacement (Sdu)(m) 
 0.041 0.236  0.032    0.185 
 
 
 
                                 (a)                                                                                      (b) 
                                       
                                                               (c) 
Fig.  3. (a) Push over curve;  (b) Capacity curve in ADRS format with demand curve at DBE and MCE; (c) Fragility curve. 
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Performance point is the intersection of the capacity spectrum with the appropriate demand spectrum in the 
capacity spectrum method and is calculated using the iterative method (procedure A) of equal displacement 
approximation according to ATC-40 [1]. It represents the inelastic or non linear displacement that the structure is 
going to experience for the given level of earthquake. Using this point, the associated damage state for the structure 
can be evaluated and compare that damage state for different earthquakes. Performance point calculation from 
capacity curve (spectral acceleration vs. spectral displacement) has been shown in Fig. 3b for RC building 
considering design basis earthquake (DBE) and maximum considered earthquake (MCE) of Indian seismic zone V 
having PGA of 0.36g with the 5% damped elastic response spectra. From this capacity curve it has been observed 
that the performance point coming in the nonlinear range i.e. beyond the yield point in both DBE and MCE. 
Table 6. Base shear, roof displacement at performance point (ATC 40, 1996 and FEMA 273, 1997) considering DBE and MCE for low rise RC 
building. 
Hazard level Base shear (KN) Roof displacement (m) Spectral acceleration(Sa) (m2 /sec) Spectral displacement(Sd) (m) 
DBE 
MCE 
954.2 
1043.6 
0.076 
0.208 
0.125 
0.136 
0.053 
0.141 
  
Table (6) shows the different parameter corresponding to performance point for DBE and MCE. The spectral 
displacement is higher for MCE as compare to DBE with respect to its performance point of RC building. So, from 
this it is clear that the low rise RC building shows good performance in DBE as compare to MCE. The capacity for 
low rise RC building shows high stiffness and strength due to the slenderness and failure criterion used in pushover 
analysis. 
      Table (7) shows the median spectral displacement for slight, moderate, extensive, complete damage states of low 
rise RC building which obtained from damage states thresholds that considered after Barbet et al. [2]. Specific 
fragility curves have been developed for low rise RC building and shown in Fig. 3c. It shows that for 53 mm 
spectral displacement (Sd) in DBE, the expected probability for the slight damage is nearly 86%, moderate damage 
70%, severe damage 39% and complete damage 11%. Similarly in case of 141 mm spectral displacement (Sd) for 
MCE, the hazard level of damage is increased to expected probability for the slight damage 98%, moderate damage 
94% severe damage 74% and complete damage 39%. Therefore, it is clear that the gravity load designed building 
though depicts fewer damages in DBE but can experience higher level of damages in MCE level. 
 For each case earthquake hazard level, damage probability matrices (DPM) strongly depend on the spectral 
displacement of the performance point and the capacity of the building. Table (8) shows the damage probability 
matrices of the considered building for both DBE and MCE considering Indian seismic zone V (PGA=0.36g).  In 
Table (8), DSm is the weighted average damage state calculated by using equation (4), which can be considered close 
to the most likely damage state of the structure.    
Table 7. Median spectral displacement for different damage grades of RC building. 
 Building class 
 
Median spectral displacement   S̅d  (mm) 
DG1 DG2  DG3 DG4 
 Low rise 22.41 32.02 70.2 184.8 
 
Table 8. Damage probability matrices (DPM) and more probable damage state for RC building considering DBE and MCE.  
Hazard Level Damage state probabilities Weighted mean 
damage index (DSm) 
More probable damage 
state 
DG1 DG2 DG3 DG4 
DBE 
MCE 
0.157 
0.049 
0.308 
0.194 
0.277 
0.348 
0.117 
0.398 
2.07 
3.07 
Moderate damage 
Severe damage 
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Using the mean damage index intervals from Table (3), in case of DBE it has been observed that the gravity load 
designed low rise RC building lies in moderate damage state where as in case of MCE, the same building lie in 
severe damage. It means that gravity load designed low rise RC building shows very poor performance and in MCE 
as compare to DBE. 
7. Conclusion  
 In this study, seismic performance and damages of gravity load designed low rise three storey four bays RC bare 
frame building has been evaluated for the lateral load pattern according to FEMA 356 [11] using non linear static 
analysis. Fragility analysis has also been performed to developed fragility curves which characterize the expected 
structural damage in probabilistic way. The damage probability matrices are developed to identify the damage state 
of building. The fragility curves indicate higher damage probability for gravity load designed RC building in MCE 
as compare to DBE. Using damage probability matrices and mean damage index intervals, it has been found that the 
gravity load designed building which may experience moderate damage during DBE level but the expected damage 
is severe in MCE hazard level.   
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